Treatment of multi-drug resistant (MDR) Escherichia coli intestinal infections are being hampered by the presence of the mcr-1 (colistin) and tet (tetracycline) resistance genes in these strains. We screened seven traditional Chinese medicines for their ability to synergize with tetracycline to provide an effective new drug for the treatment of animal intestinal diseases caused by MDR E. coli. Our primary screen identified quercetin as a compound that reduced the minimum inhibitory concentration (MIC) of tetracycline against the E. coli standard test strain American Type Culture Collection (ATCC) 25922 and clinical isolates fourfold from 4 and 256 µg/mL to 1 and 64 µg/mL, respectively. Low levels of quercetin in combination with tetracycline were bactericidal for clinical E. coli isolates and after 24 h, the differences between this combination and each drug singly were 10 8 CFU/mL. We used this combination therapy in a mouse infection model and found 100% survival after 48 h compared with <50% for each drug alone. This drug combination also synergized to disrupt the bacterial cell envelope resulting in increased permeability and cell lysis. These data demonstrate that combinatorial screening at low concentrations constitutes an efficient approach to identify clinically relevant quercetin/tetracycline combinations and is a valuable prototypical combination that has a high clinical potential against E. coli infections.
INTRODUCTION
Antibiotics play an important role in reducing the morbidity and mortality related to bacterial illnesses in animals and humans. However, antibiotic abuse and overuse has led to the emergence of resistant bacteria and enabled the transmission of antibiotic resistance genes (Ewers et al., 2012; Campion and Morrissey, 2013) . E. coli is an essential symbiont of the mammalian human gut providing a source of vitamin K and other essential compounds but it can be easily spread via food and water since it is a facultative anaerobe (Ewers et al., 2012; Wu et al., 2013) . Importantly, antibiotic resistant strains of E. coli have emerged and can be incorporated into the intestinal microbiome. In contrast, development of novel antibiotics to keep pace with the changing resistome has been much slower and challenging (Kirst, 2013; Wright, 2017; Jeong et al., 2018) . This has reduced the therapeutic options for drug-resistant bacterial infections (Ferri et al., 2017) .
The flavones as well as other natural products can increase the effectiveness of some antibiotics with their co-administration (Livermore, 2011) . Tetracycline is a common broadspectrum antibiotic, which acts as an antibacterial by inhibiting protein synthesis by preventing the attachment of aminoacyl-tRNA to the ribosomal acceptor (A) site (Chopra and Roberts, 2001) . This synergistic effect has been demonstrated for gallic acid/tetracycline and cinnamaldehyde/erythromycin combinations (Visvalingam et al., 2017) . Quercetin is a pentahydroxyflavone and a natural polyphenolic flavonoid that possesses antibacterial, anti-oxidant, and vasoactive properties that include lowering blood pressure in clinical tests (Martini et al., 2004; Edwards et al., 2007; Hirai et al., 2010) . Quercetin possesses inherent antibacterial properties against E. coli and can alter its membrane permeability leading to leakage of intracellular contents. More specifically, quercetin inhibits the NLRP3 inflammasome activation in epithelial cells triggered by E. coli O157: H7 (Xue et al., 2017) . Other flavonoids have been shown to target DNA gyrase and influence bacterial membrane fluidity (Tsuchiya and Iinuma, 2000; Wu et al., 2013) .
In the current study, we assessed the in vitro antimicrobial activities of seven active components of traditional Chinese medicine. We examined the effects of quercetin gallic acid, magnolol, chlorogenic acid, paeoniflorin, matrine, and fumarate in combination with tetracycline, oxytetracycline, chlortetracycline, doxycycline, ofloxacin, norfloxacin, ciprofloxacin, florfenicol, cefquinome, and ceftiofur against eight E. coli stains using minimum inhibitory concentrations (MICs), checkerboard tests, and time-kill assays. By employing this strategy, we discovered that quercetin combined with tetracycline was effective against multi-drug resistant (MDR) E. coli. We further studied the mechanism by which tetracycline and quercetin act synergistically and demonstrated that the tetracycline/quercetin combination is effective against E. coli in vivo.
MATERIALS AND METHODS

Bacterial Strains and Chemicals
The E. coli strain ATCC 25922 used for quality control was obtained from the American Type Culture Collection (Manassas, VA, United States). Clinical test strains were swine manure isolates obtained from the China Agricultural University, Beijing (GZP8-8, 12a4, 12e5, and from human blood (II-119 and II-CX53) as previously described and served as representative MDR E. coli strains (Wang et al., 2017; Shen et al., 2018) . These were cultured in Mueller-Hinton broth (MHB) and maintained on MH agar (Haibo Biological Technology, Qingdao, China).
Tetracycline, oxytetracycline, chlortetracycline, doxycycline, ofloxacin, norfloxacin, ciprofloxacin, florfenicol, cefquinome, ceftiofur and gallic acid, quercetin, magnolol, chlorogenic acid, paeoniflorin, matrine, and fumarate were purchased from the China Institute of Veterinary Drugs Control (Beijing, China). Tetracycline, ciprofloxacin, cefquinome, chlorogenic acid, and matrine were dissolved in sterile water. Ofloxacin, norfloxacin, florfenicol, ceftiofur, and chlorogenic acid were dissolved in 10% glacial acetic acid (Tianjin Fuyu Fine Chemicals, Tianjin, China). Quercetin and gallic acid were dissolved in dimethyl sulfoxide (DMSO) purchased from the Laiyang Kant Chemical (Yantai, China). Magnolol, paeoniflorin, and fumarate were dissolved in ethanol (Tianjin Fuyu, Tianjin, China). All antibiotic solutions were sterilized using 0.22 µm filters prior to use (Jiangsu Green Union Science Instrument, Jiangsu, China).
Minimal Inhibitory Concentration Determination
Minimum inhibitory concentrations (MICs) were determined using broth microdilution as previously described (see below). In brief, 100 µL MHB/well was added to 96-well microplates and a series of dilutions were made using 50 µL aliquots of antibiotic and test compound. Each well then received an initial inoculum of 1 × 10 6 CFU/mL. Each experiment included control wells containing DMSO and inoculum. The plates were incubated for 18 h at 37 • C. Cell turbidity was measured using an automated plate reader (Shanghai Haorui Instrument, Shanghai, China). MIC scoring used Clinical Laboratory Standards Institute guidelines and reference values (CLSI, 2015) .
Antibiotic Synergism Tests
The checkerboard method was combined with a fractional inhibitory concentration (FIC) index to determine the interaction between antibiotics and quercetin. Antibiotics (C) that showed resistance to the E. coli test strains were chosen for a further synergistic interaction test with quercetin (D). Each antibiotic/quercetin association was checked in triplicate and repeated twice. Antibiotics and quercetin were twofold serially diluted in a 96-well plate and incubated as described above. The combined inhibitory effect was examined by calculating the FIC index for each combination: FIC of C = MIC of C in combination/MIC of C alone; FIC of D = MIC of D in combination/MIC of D alone; FIC index = FIC of C + FIC of D. The standards used for a judgment of synergism were FIC ≤ 0.5, synergism; 0.5 > FIC < 1, additive effect; 1 > FIC < 2, no effect; FIC > 2, antagonistic effect (Zhao et al., 2001; Langeveld et al., 2014) .
Time-Kill Assays
Tetracycline sensitive and resistant E.coli strains at 1 × 10 6 CFU/mL were used to inoculate tubes containing 10 mL of MHB containing tetracycline and quercetin both at 0.5× MIC. Tubes containing only MHB were inoculated as controls. The bacterial suspensions were incubated at 37 • C with moderate shaking for 0, 4, 8, 16, and 24 h and 1 mL of bacterial suspension was removed and serially diluted in MHB. Fifty microliters of each dilution was spotted on MH agar plates and the CFU were counted after incubating the plate overnight at 37 • C ( Andrea et al., 2004) .
Mouse Survival Model
Briefly, eight groups of specific pathogen-free (SPF) Kunming mice (n = 6 per group) weighing 18-22 g (Jinan Pengyue, Jinan, China) were infected intraperitoneally (i.p.) with 0.5 mL of bacterial strain 12a4 totaling 2 × 10 7 CFU per mouse. One hour after infection, mice were also treated with a single i.p. dose of quercetin and tetracycline at 50 and 96 mg/kg, respectively. Controls for these experiments were animals given quercetin or tetracycline alone at the above dosages. The positive control group received the bacterial inoculum only. One group was treated with a dose of 96 mg/kg tetracycline, and survival was observed 24 h after infection and analyzed by nonparametric control. Colistin was administered at 7.5 mg/kg for another positive control group and both strains were sensitive. Mice were euthanized by cervical dislocation and organs were aseptically removed, homogenized, serially diluted, and plated on MacConkey agar and incubated at 37 • C for 24 h for CFU counting. This study was approved by the Qingdao Agricultural University Animal Experiment Committee [license Number: SYXK (SD) 20180006] and the animals were maintained in accordance with Qingdao Agricultural University guidelines for the care and use of laboratory animals.
Cell Membrane Tests
Bacterial cell membrane disruption was assessed by measuring alkaline phosphatase release using a commercial kit (Solaibao, Beijing, China) and β-galactosidase release determined using 2nitrophenyl β-D-galactopyranoside hydrolysis and a colorimetric assay at 405 nm (Liu et al., 2017) . ATP levels were determined using a commercial kit (Solaibao, Beijing, China). Membrane permeability of E. coli induced by quercetin and tetracycline was tested by propidium iodide (PI) uptake as previously described (Liu et al., 2017) .
Scanning Electron Microscopy
Bacterial cultures of E. coli ATCC 25922 at mid-log phase in Luria Bertani (LB) broth were collected and suspended in phosphate-buffered saline (PBS). Bacteria were then treated with sublethal concentrations of quercetin and tetracycline at 37 • C for 1 h. The cells were fixed in 2.5% glutaraldehyde, washed with PBS, and dehydrated in a graded ethanol series for Scanning Electron Microscopy (SEM) analysis as previously described (Liu et al., 2017) . SEM was carried out using an Scanning Electron Microscope (JEOL 7500F, Japan).
Tetracycline Accumulation Assays
Accumulated tetracycline was measured as previously described (Oh and Jeon, 2015) . Briefly, E. coli were grown overnight to late log phase in MH broth in the presence of quercetin at 0.5× MIC. Samples (1 mL) were centrifuged, washed with 100 mM Tris buffer pH 8, and suspended in 1 mL of the same buffer. The bacteria were then cultured in the presence of tetracycline (100 µg/mL) for 15 min and 1 mL 5 M HCl was added and the cells were boiled for 10 min. This procedure quantitatively converted the tetracycline to anhydrous tetracycline. The cooled sample was centrifuged to remove the cells debris and anhydrous tetracycline in the supernatant was measured at excitation/emission wavelengths of 400 and 520 nm, respectively. The amount of anhydrous tetracycline contained in these samples was determined using a standard curve from 0 to 100 mg tetracycline/L (Andrea et al., 2004; Oh and Jeon, 2015) .
ARG Detection
Quantification of expression of the tet (A), tet (B), tet (M), and tet (S) genes was performed using reverse transcription-PCR (RT-PCR). GAPDH serves as a standardized reference gene. PCR primers were synthesized by Shanghai Shenggong Biological Engineering Co., Ltd. (Shanghai, China). Total RNA from strains GZP08-8, 12a4, 12e5, and II-CX53 cultured in MHB with or without drug for 16-18 h was isolated using a commercial RNA extraction kit (Tiangen Biotech, Beijing, China) according to the user's guide. RT-PCR was performed using a commercial kit (Solaibao, Beijing, China) with cycles of 30 s at 95 • C and 40 cycles of 5 s at 95 • C and 30 s at 60 • C (Zhao et al., 2001) .
Statistical Analysis
Values were expressed as mean ± SD for each group. All analyses were performed using SPSS version 12.0 software package (Chicago, IL, United States). Differences were considered to be statistically significant at p < 0.05.
RESULTS
Antimicrobial Susceptibility Testing
We explored the antibacterial activities of 10 antibiotics against eight strains of E. coli using quercetin alone and in combination. The clinical isolates were all MDR strains but still most were sensitive to ceftiofur (MIC, 0.5 µg/mL) and least sensitive to cefquinome and norfloxacin (MIC, 1024 µg/mL) ( Table 1) . The MIC values of the seven test compounds derived from traditional Chinese medicine ranged from 128 to 2048 µg/mL indicating an overall weak effect (Table 2) . However, there was a significant MIC decrease for tetracycline, oxytetracycline, chlortetracycline, and doxycycline with the addition of quercetin at 1-256 µg/mL. The FIC values ranged from 0.094 to 0.5 indicating strong synergism for the four tetracycline derivatives (Figure 1 and Table 3 ). Hence, the quercetin/tetracycline combination was selected for further investigation. We also selected the clinical MDR strain 12a4 for further testing because it displayed the typical tetracycline resistance profile of all the clinical strains and was representative of the synergy with quercetin among these strains.
Time-Kill Studies
We used strains 12a4 and ATCC 25922 (control) in a series of time kill studies with tetracycline and quercetin at 0.5× MIC. Bacteria exposed to each drug alone displayed almost identical kill curves. In contrast, in both the tetracycline sensitive and resistant isolates the tetracycline/quercetin combination, cell viability decreased more than eightfold by 24 h. In addition, by this time the cells exposed to single compounds had recovered and were comparable to the control cultures not exposed to drugs (Figure 2) . Therefore, the bactericidal activity of tetracycline was significantly enhanced when in combination with quercetin. 
Quercetin Synergistically Enhances Tetracycline Activity in vivo
To demonstrate the efficacy of this combination therapy we adopted a mouse i.p. injection model of E. coli infection to our system using SPF Kunming mice. Mouse mortality after intraperitoneal injection of E. coli strain 12a4 was 90% after 48 h. Interestingly, single doses of either tetracycline or quercetin gave survival rates of <50%. In contrast, there was a 100% survival rate of mice receiving combination therapy of quercetin and tetracycline equivalent to the colistin treatment group (Figure 3A) . When we examined the degree of bacterial proliferation in tissues of these mice, in all the organs we examined, the CFU values were significantly less than for the mice receiving monotherapies (Figure 3B ). Together these data indicate that quercetin in combination with tetracycline displayed significant synergism in vivo resulting in a better therapeutic effect. This provides a practical foundation for clinical testing.
Membrane Permeability
We wanted to further investigate mechanisms that led to the synergistic action of quercetin. When we treated cells with quercetin, in the presence tetracycline the levels of β-galactosidase and alkaline phosphatase were significantly elevated (Figures 4A,B) indicative of cellular membrane disruption. This disruption was further illustrated using a FIGURE 6 | Disruption of cell envelope integrity by quercetin and tetracycline. SEM micrographs of E. coli strain 12a4 exposed to (A) media alone, (B) quercetin 0.5× MIC, (C) tetracycline 0.5× MIC, and (D) combination therapy at 0.5× MIC. Magnification = 15,000×.
FIGURE 7 | Steady state mRNA levels of selected tet genes in the presence of quercetin and tetracycline at 0.5× MIC levels of each drug were used as indicated. The fold change in mRNA levels was calculated based on the internal reference gene GAPDH, quantified by RT-PCR. The results are shown as the mean and standard deviation of three independent experiments. ns, not significant.
PI uptake assay. The combination therapy also generated a significant increase in fluorescence intensity due to PI uptake (Figure 4C) . ATP released outside the cell was also increased with the combination therapy but the results were less dramatic ( Figure 4D) . Tetracycline uptake was also increased in the presence of quercetin. The tetracycline resistance strain was converted to tet-sensitivity to a level comparable to the tetsensitive control strain and was a further indicator of the disruption of membrane integrity (Figure 5) . These bacteria that were exposed to the drug combination were also generally lysed and deformed (Figure 6) . Together, these data indicate that the combination therapy produces profound ultrastructural changes leading to an increase in permeability and a weakening of the cell envelope.
Gene Expression
The tet (A) and (B) genes encode efflux pumps that can protect cells by effective efflux action while tet (M) and (S) encode ribosomal protection proteins. We examined mRNA levels of these genes when cells were exposed to the regimen of quercetin, tetracycline, and the combination. The effect of quercetin on the expression of ribosomal protective and efflux pump genes was evaluated using strains 12a4 and 12e5, respectively. However, we found no significant differences in the steady state mRNA levels in any of the genes and this was independent of treatment (Figure 7) .
DISCUSSION
Multi-drug resistant bacteria are an enormous challenge to the healthcare system and resistance can be found in both animal and human isolates (Chopra and Roberts, 2001) . E. coli MDR isolates include pathogenic variants from food animals, meat, Frontiers in Microbiology | www.frontiersin.org fish, seafood, and humans and carry transferable resistance genes (Tadesse et al., 2012) . The abuse of antimicrobial agents in the treatment of bacterial infections has resulted in a significant reduction of clinical efficacy of previously effective antimicrobials. In our study, we investigated the effect of combining traditional Chinese medicines with antibiotics and found that quercetin lowered the MIC for tetracyclines for all the eight E. coli clinical isolates we tested. This combination also was significantly synergistic.
In the presence of quercetin, the MIC of tetracycline was reduced 4-16-fold depending on the strain. The antibacterial effects of quercetin alone were consistent with experiments using Actinobacillus actinomycetemcomitans and Fusobacterium nucleatum and other oral bacterial pathogens. Moreover, the bactericidal effect of tetracycline was achieved at a very low concentration in combination with quercetin and is consistent with reports of using sub-inhibitory antibiotic concentrations with other natural products. For example, a twofold MIC for ciprofloxacin (0.25-0.12 µg/mL) was achieved against Staphylococcus aureus ATCC 29213 when tested in combination with piperine at 12.5 and 25 µg/mL (Khan et al., 2006) . The efficacy of 5 -methoxyhydnocarpin strongly potentiated the action of berberine and other NorA substrates against S. aureus (Stermitz et al., 2000) . In addition to quercetin, the flavones are generally disruptors of bacterial cell walls. For instance, another flavone baicalein can synergize with tetracycline to interfere with cell wall integrity by binding directly to peptidoglycan (Zhao et al., 2001) . In addition, baicalein restores the effectiveness of tetracycline toward methicillin-resistant S. aureus (MRSA) by inhibiting Tet K-mediated tetracycline efflux and inhibiting Tet M and other pumps. This suggests that quercetin is an efflux pump inhibitor (Michaela et al., 2014) . We observed this indirectly in our experiments. The combination therapy resulted in collapsed and wrinkled cells indicating a gradual decrease in cell envelope integrity. We also observed an increase in fluorescence intensity due to PI uptake and DNA binding of tetracycline. In addition, we demonstrated loss of membrane integrity by demonstrating leaking of β-galactosidase, alkaline phosphatase, and ATP into the culture medium of treated cells as has been previously described (Nityakalyani et al., 2010) (Figure 8 ). E. coli and S. aureus treated with cinnamaldehyde exhibited numerous abnormalities including cytoplasmic membrane separation from the cell wall, cell membrane lysis, and cytoplasmic content leakage (Shen et al., 2015) . Quercetin has been shown to inhibit nucleotide biosynthesis and ATP activity (Brvar et al., 2010) and we found a measurable decrease in intracellular ATP levels with combination therapy.
Flavonoids are less toxic to humans and animals because they are widely distributed in edible plants (Ofer et al., 2005) . Quercetin is also used as a dietary supplement (250-500 mg three times a day) for therapeutic purposes. In cytotoxicity tests, proliferation of Chinese hamster ovary cells was inhibited by 50% after 24 h exposure to quercetin at 24 mg/L, for mouse fibroblasts at 36 mg/L, and normal rat kidney cells at 21 mg/L (Ngomuo and Jones, 1996) . Quercetin exhibited a low IC 50 value after 72 h of incubation with L929 cells (41.8 mg/L) (Kuhlmann, 1998) . Determination of synergy or potentiation in vitro might not be reflected in vivo because of the potential failure to achieve synergistic levels of drugs in target tissues, differences in plasma protein binding, and metabolism of the drug. Importantly, we found that the combination therapy of tetracycline and quercetin at 0.5× MIC levels was effective in a mouse model of E. coli infection. This combination significantly enhanced mouse survival against bacterial challenge over each of the drugs given individually.
CONCLUSION
We found that quercetin can greatly enhance the sensitivity of E.coli to tetracycline. Moreover, preliminary data show that quercetin and tetracycline act in synergy by altering cell membrane permeability of drug-resistant E. coli. The combination of quercetin and tetracycline did not result in significant cytotoxicity in mice thereby achieving the dual therapeutic requirements of a high antibacterial effect. Therefore, the combined use of tetracycline and quercetin should be further examined in clinical studies.
